Introduction
Posttranslational arginylation is a protein modification of emerging global importance, implicated as a key regulator of embryogenesis and cell physiology. Knockout of arginyltransferase (Ate1) causes embryonic lethality in mice with severe defects in cardiovascular development and angiogenesis [1] . A large number of cytoskeleton proteins are arginylated in vivo [2] and arginylation of b-actin is found to be critical for cell motility and the formation of the cell leading edge [3] . Arginylation has also been shown to regulate actin polymer level and the structure of the intracellular actin network [4] , and affect cell adhesion, cell migration speeds, and migration-dependent tissue morphogenesis during development [3] . Thus, arginylation plays major roles in cell migratory processes and exerts at least some of its effects through the modulation of the actin cytoskeleton, however the underlying molecular mechanisms are poorly understood.
ATE1 is a highly functionally conserved enzyme in all eukaryotic species, essential for normal development and functioning of mammalian organisms. Impairments in ATE1 regulation have been implicated in such major diseases as congenital heart defects [1] , obesity [5] , cancer, and neurodegeneration [6, 7] , making this enzyme a potentially critical target for the development of therapeutics that could modulate these disease conditions and prevent their progression in humans. However, since the molecular properties and structure of this enzyme are not well understood, targeted approaches to modulation of ATE1 activity and functions in vitro and in vivo have never been undertaken before.
Several natural and artificial compounds that influence ATE1 activity in various systems have been identified through the past studies of ATE1-regulated processes, however none of these compounds have high specificity for ATE1 enzyme and most of them have none, or very limited activity in cells. Tri-peptide GluVal-Phe can inhibit arginylation by acting as a substrate mimic that saturates ATE1, making it unavailable for arginyl transfer to its natural targets [8] , however this peptide acts only at high concentrations and is not very effective in biological assays [8, 9] . Bifunctional phenylarsenoxide was shown to inhibit ATE1 through interaction with reactive Cys residues in the critical positions within the molecule [10] , however this inhibitor is not only toxic but relatively non-specific, since it exerts its effect similarly on all proteins whose activity is dependent on reactive Cys groups. Heparin, a widely used anticoagulant, inhibits ATE1 reaction in vitro [11] , possibly through its action on Arg-tRNA synthetase (RRS) which produces Arg-charged tRNA used for arginyl transfer [12] . Similarly protease inhibitors indirectly inhibit protein arginylation in brain extracts by interfering with the charging of tRNA [13] . Finally, hemin, the Fe 3+ form of heme, was shown to inhibit ATE1 and promote its degradation in cells through ubiquitin-dependent proteolysis -an indirect effect, likely linked to hemin's action on proteasome, and possibly on RRS [14] . Thus, no natural or artificial compounds are known to date which could specifically modulate ATE1 activity and/or its intracellular functions.
Here we report the development of a chemical assay for identification of small molecule inhibitors of ATE1 and application of this assay to screening of a small molecule library of 3280 known chemicals. Our screen identified four molecules that can specifically inhibit the activity of ATE1, including two compounds which specifically affect ATE1-regulated processes in cells. One of these compounds -tannic acid -has been previously shown to inhibit protein degradation and angiogenesis in cell and mouse models and to act as a therapeutic agent in prevention and treatment of heart disease and cancer. Our data suggest that these actions of tannic acid are mediated by its direct effect on ATE1, which regulates protein degradation and angiogenesis in vivo.
Material and methods

Antibody generation and purification
N-terminally arginylated b actin peptide 'RDDIAALC' was used to raise polyclonal anti-R-b antibody in rabbits. Immunizations and collection of antisera were performed by Sigma Genosys (http://www.sigmaaldrich.
com/Brands/Sigma_Genosys.html). Crude antisera was first affinity purified using the immunization peptide immobilized on Aminolink resin (Pierce), and then further purified by immunodepletion with Aminolink-coupled nonarginylated peptide, in which the N-terminal R was replaced with acetylated Asp (ac-D) -'Ac-DDDIAALC' -a sequence corresponding to the nonarginylated b actin N-terminus in vivo.
ATE1 assay in microplates and small molecule screen
384-well high binding white plates (Corning) were coated with 1 mg of 'DDIAALVVDNGSGMCK' peptide per well by incubating in 25 ml 23 mM peptide solution in carbonate/bicarbonate buffer (28.6 mM Na 2 CO 3 /71.4 mM NaHCO 3 , pH 9.6) at 25 8C for 90 min. After coating, plates were blocked with 5% milk in PBS at 37 8C for 1 h followed by three washes with PBS at room temperature.
For ATE1 assay, 25 ml reaction mix (50 mM HEPES pH 7.5, 25 mM KCl, 15 mM MgCl2, 0.1 mM DTT, 6 mM ATP, 100 nM tRNA Arg , 0.5 mM Arginine, 66 nM RRS, and 250 nM ATE1) was added to each well and incubated for 30 min at 37 8C. After the completion of the reaction, plates were washed three times with PBS containing 0.05% Tween 20 (PBST). For detection of arginylated products and measuring the reaction efficiency and ATE1 inhibition, plates were incubated first with anti-R-b antibody (1 h, room temperature), washed three times with PBST, and incubated with HRP-conjugated anti rabbit IgG (1 h, room temperature). After the final incubation plates were washed again 3Â with PBST, 25 ml of chemiluminescence substrate (Thermo SuperSignal ELISA Femto, Thermo Fisher) was added to each well and readings were collected between 5 and 15 min of substrate addition. Readings were performed by the Envision 2103 Multilabel Reader (PerkinElmer) equipped with Enhanced Luminescence sensor. For the control experiments shown in Fig. 2B , individual components of the assay were omitted and/or 1% of DMSO was added to the wells, as indicated.
Small molecule screen was performed using this assay system with the following modifications. For the initial screen (SCREEN1), the ATE1 reaction mix was prepared in two parts: (1) a mixture of all the components listed above except arginine, and (2) a separate solution of Arg. Part 1 was added first, followed by the addition of the drug (dissolved in DMSO) delivered by JANUS automated liquid handling system (PerkinElmer) equipped with 384-well pin tool (V&P Scientific, Inc.), at an approximate volume of 30 nl/well. Final concentration of drugs and DMSO in the assay was 14 mM and 0.14% respectively. Arg was added afterwards to start the reaction.
In the repeated screen, 8.3 mM of the drugs was used and the compounds that did not inhibit ATE1 reaction at this reduced concentration were discarded as the likely non-specific inhibitors. For the counterscreen (SCREEN 2), the RRS reaction was performed separately by mixing all the components from the ATE1 reaction mix (see above) except ATE1, followed by EtOH precipitation to isolate charged Arg-tRNA as described in [15] . The counterscreen was performed by adding ATE1 to the wells, followed by the addition of the drug, and finally the addition of 3 mM purified ArgtRNA to start the reaction. The molecules which showed 94% or higher inhibitory activity compared to the positive control were selected for further analysis.
Cell culture, transfection and drug treatment
Immortalized wild-type (WT) and Ate1 knockout mouse embryonic fibroblasts [1, 3] were grown in DMEM/F10 medium with 10% serum. For RGS4 degradation assays, cells at 60% confluency were transfected with RGS4-His-V5 construct [16] using Lipofectamine reagent (Invitrogen). After 18 h of transfection, cells were split and seeded at 1.25 Â 10 5 cells into individual wells of 24-well plates, and grown for additional 24 h, with or without the addition of the drug (added to the media at the concentrations indicated in Fig. 4B ). The entire well contents was then collected for each data point, by resuspending cells directly in 2Â SDS loading buffer, and analyzed by Western blots using anti V5 antibody as described in [16] . For wound healing assays, 0.3 Â 10 6 cells were seeded in 35 mm glass bottom dishes (MatTek Corporation) to make confluent monolayers. After 16-18 h, drugs were added to the experimental cultures as indicated in Fig. 5 and control and drug-treated cells were incubated for additional 24 h, followed by scratch wounding and 2 h recovery before performing live imaging or fixing for fluorescence staining. Cell migration speed was measured by time lapse imaging of cell movement into the wound area over 8 h, acquired at the rate of 1 frame per 10 min; distance between the wound edge at the start and end of the movie was divided by the overall acquisition time to obtain the mm/h values shown in Fig. 5B , D.
Immunofluorescence
Confluent or scarce cells after 24 h of drug treatment were fixed by addition of 4% paraformaldehyde in PBS for 30 min at room temperature, followed by permeabilization by 0.2% Triton X100 in PBS containing 0.2% BSA for 10 min and were blocking with 1% BSA/0.02% Triton X100 in PBS 30 min. Actin filaments were visualized by staining with alexa488-labeled phalloidin.
Angiogenesis assay
Angiogenesis assay was performed as described [17] . Briefly, 1 ml of collagen/media solution was prepared on ice by adding 340 ml of type I rat tail collagen (BD Biosciences), 76 ml 10Â M199 (Invitrogen), 136 ml serum free DMEM, 100 ml FBS, and 340 ml of phosphate buffered saline (PBS). The pH was adjusted to 7.2 with NaOH. 1 Â 10 6 /ml human umbilical vein endothelial cells (HUVECs) were added to make up the final collagen concentration of 1.25 mg/ml. 30 ml of collagen/cell mixture was spotted on to a 5-mm woven nylon mesh ring (Tetko Inc.), which provided structural support. Collagen was allowed to polymerize for 60 min at 37 8C in a humidified 5% CO2 incubator, and each ring was then transferred into an individual well of a 96-well culture plate pre-filled with media that consisted of EBM-2 supplemented with all ''bullet kit'' components except FBS, VEGF and bFGF, followed by subsequent addition of 1% FBS and 30 ng/ml VEGF-A 165 (Peprotech) to induce angiogenic cell outgrowth. Collagen-embedded cells were incubated for 5 days in the absence or presence of merbromin and tannic acid at varied concentrations (2, 10, and 30 mM for tannic acid and 10, 30, and 90 mM for merbromin; data from 10 mM concentrations is shown in Fig. 6 ), fixed in 4% formaldehyde, and stained with 10 mg/ml TRITC labeled-lectin (Ulex europaeus UEA-I) (Sigma). Samples were mounted in AquaMount (Lerner Labs) and analyzed by confocal microscopy.
Statistical analysis
In all the experiments where quantitative measurements were made, the variability in data point values were measured and represented as SEM. Student's t test was used to calculate p values. Curves of the log value of drug concentration vs. % inhibition were fitted as Sigmoidal dose-response (variable slope) equation using Graph Pad software to generate the IC50 values. 
Materials
Results
Development of a high throughput ATE1 activity screen
In vitro arginylation reaction requires only a limited number of purified components essential for Arg transfer from tRNA onto a test substrate [15] . Mixing bacterially expressed purified ATE1 with Arg, tRNA, ATP, Arg-tRNA synthetase (RRS), test substrate (BSA), and buffer components, enables direct observation of the addition of Arg to proteins by incorporation of radioactive label (from labeled Arg) into BSA. However, the radioactivity detection step, and the relative inefficiency of BSA as an Arg acceptor, preclude such a reaction from being used in high throughput screening. To develop a high throughput screen for ATE1 activity, we utilized a similar principle, eliminating the radioactivity detection step and replacing the test substrate with a peptide derived from another known arginylated protein -b-actin. In the final assay, b-actin N-terminal peptide immobilized in wells of the screening plates was used as the test substrate of the reaction.
To replace the radioactive detection with a more standard and user-friendly ELISA-based output, we raised a rabbit polyclonal antibody to the arginylated b-actin N-terminal peptide (anti R-b), using our previously developed strategy of raising antibodies to Nterminally arginylated peptides [2] (see Fig. 1A for the antibody design). The resulting anti-R-b antibody was highly specific to the arginylated actin peptide, could reliably distinguish between arginylated and non-arginylated actin-GFP fusion proteins in cell extracts by Western blots (R-b vs. M-b, respectively, in Fig. 1B ) and specifically detect the N-terminal b-actin peptide after, but not before enzymatic arginylation in vitro (Fig. 1C) .
For the final assay used in the high throughput screens, we immobilized b-actin N-terminal peptide in the wells of the screening plates, subjected it to arginylation by addition of soluble ATE1 reaction mix described above, and then treated with anti-R-b antibody, followed by a secondary antibody detection by ELISA in a luminescence plate reader ( Fig. 2A) ( Table S1 ). The assay was highly sensitive, with the signal/background ratios of 10 fold or higher (Fig. 2B) . The assay output was not affected by 1% of DMSO (Fig. 2B) and thus was suitable for high throughput screening of small molecule libraries.
Identification of small molecule inhibitors of ATE1
To identify ATE1 inhibitors, we used the assay described above to screen two libraries containing a total of 3280 biologically active small molecules: LOPAC (Sigma) and Spectrum (MSD Scientific, Inc.) (Table S1 ). In the initial screen, (SCREEN 1, Fig. 2A ) the reaction mix in addition to ATE1 also contained RRS, Arg, and tRNA, so that the arginyl transfer reaction was coupled to RRS-mediated synthesis of charged tRNA. This screen yielded the initial list of 60 positives, selected by their ability to inhibit the ATE1 reaction by 94% or higher. 33 of these compounds performed similarly in a repeated screen, using lower concentrations of the inhibitors. These compounds were further validated using a counterscreen (SCREEN 2, Fig. 2A ), in which Arg was pre-charged to tRNA and purified away from the RRS enzyme, leaving ATE1 the only enzyme in the mixture. In this counterscreen, only 4 molecules showed specific activity toward ATE1 (Fig. 2C, D) , suggesting that the other molecules likely inhibited the RRS-mediated Arg-tRNA synthesis rather than the subsequent Arg transfer (see Fig. 2D for an example of molecules which inhibited arginylation in both screens (left) or only in SCREEN 1 but not in SCREEN 2 (right)). The final four molecules showing ATE1-specific activity in the screen included tannic acid, merbromin, suramin, and reactive blue 2 (Fig. 3A) . Further tests showed that the IC50 for all four inhibitors in presence of 0.25 mM ATE1 were in the nanomolar to low micromolar range (Fig. 3B) , and that at these concentrations the identified compounds did not inhibit the RRS-mediated synthesis of Arg-tRNA (Fig. S3) . These four molecules were used in the subsequent analysis.
Small molecule inhibitors of ATE1 inhibit ATE1-mediated protein degradation
Among its many biological effects, ATE1 has been shown to play a role in facilitating protein recognition by the ubiquitin conjugation machinery and ubiquitin-dependent protein degradation [18, 19] . One of the mammalian substrates of such ATE1-mediated degradation is the regulator of G-protein signaling, RGS4 [20, 21] . This protein is rapidly degraded in cells in the presence of ATE1 and becomes metabolically stable in Ate1 knockout cells, resulting in higher levels of its intracellular accumulation [21, 16] (Fig. 4A) . To test whether any of the identified ATE1 inhibitors can modulate its intracellular effects on RGS4 protein stability, we treated RGS4-transfected cells with increasing amounts of each inhibitor for 24 h and tested the RGS4 fusion protein levels in cell extracts after these treatments. Strikingly, while neither of the four identified inhibitors affected cell viability (except merbromin which induced some toxicity at 90 mM), all four compounds were able to at least partially inhibit RGS4 degradation at 10 mM, and tannic acid and merbromin showed a truly dose-dependent inhibition, significantly protecting RGS4 from degradation at increasing concentrations (Fig. 4B ). Suramin and reactive blue 2 had no apparent effect at higher concentrations (Fig. 4B) , suggesting that these two inhibitors cannot be used as potent modulators of ATE1 activity in cells. For this reason, only tannic acid and merbromin were used during further analysis.
ATE1 inhibitors affect actin cytoskeleton, cell leading edge, and cell motility
Since lack of arginylation has been previously shown to affect the structure and activity of the cell leading edge [3, 4] and the speed of directional cell migration in culture [22] , we tested the effect of the Ate1 inhibitors on actin cytoskeleton and cell motility of cultured mouse embryonic fibroblasts. Strikingly, both merbromin and tannic acid indeed affected cell lamella and migration speeds, however these two inhibitors exerted different effects on cell morphology and actin cytoskeleton, both implicated in ATE1-dependent responses. Addition of 10 mM merbromin for 24 h caused severe depletion of the cortical actin cytoskeleton, resulting in the formation of lamellipodia apparently devoid of the actin filaments (Fig. 5A ). This effect was reminiscent of one of the phenotypes in Ate1 knockout fibroblasts, which have severely lowered actin polymer levels and severely reduced actin network at the cell leading edge [4] . In contrast, addition of tannic acid did not appear to affect actin polymer levels, but resulted in severe inhibition of the lamella formation (Fig. 5C ) -another effect that is prominently seen in Ate1 knockout cells [3, 4] .
Tests of directional cell migration using wound healing assays in culture showed significant effects after treatment with both inhibitors. Merbromin addition decreased cell migration speed at the wound edge by $30% (Fig. 5B and Fig. S1 ). Treatment with tannic acid resulted in $60% decrease in cell migration speed (Fig. 5D and Fig. S1 ). In comparison, Ate1 knockout cells in culture move at speeds reduced by 60-75% compared to wild type [22] .
Thus, mebromin and tannic acid exert prominent but differential effects on the cell leading edge, actin cytoskeleton, and directional cell motility, that are also observed in Ate1 knockout cells.
Tannic acid inhibits angiogenesis
One of the most prominent biological roles of ATE1 is its ability to regulate embryonic angiogenesis -a key developmental process of capillary growth and remodeling during mid-gestation. In Ate1 knockout embryos, angiogenesis is severely impaired, resulting in a reduced capillary network, abnormal branching, and premature termination of the outgrowing blood vessels [1] . To test if this ATE1-regulated process can be inhibited by our identified compounds, we performed VEGF-A 165 induced angiogenesis assay in culture, using human endothelial cells (HUVECs) grown in 3D collagen gels [17] . In this assay, addition of VEGF induces rapid outgrowth of blood vessel-like structures, resulting in the formation of a 3D network that could be visualized with TRITClabeled lectin (Fig. 6, left) . Addition of 10 mM merbromin did not result in any visible reduction of such outgrowth (Fig. 6, middle) , suggesting that this molecule did not inhibit angiogenesis in our assay. However, addition of tannic acid at varied concentrations, starting with as low as 2 mM, completely inhibited VEGF-induced blood vessel remodeling in culture without affecting cell morphology or viability (Fig. 6 , right, and Fig. S2 ).
Discussion
Our study demonstrates a successful development of a high throughput ATE1 activity assay, which can be used to perform a variety of screens to test ATE1 activation, inhibition, substrate specificity, and function under highly controlled conditions in a time-and cost-effective way. This assay can also be employed on a larger scale to screen small molecule libraries and identify potential therapeutic agents for ATE1-regulated disease processes, including heart failure, birth defects, wound healing, and cancer. This is the first high efficiency biochemical assay that enables the screening of the small molecule inhibitors of ATE1, that can be widely employed because of its ease, high signal/background ratio, and the use of non-hazardous compounds. This assay for the first time enables identification of the therapeutic agents that target ATE1-regulated biological processes and affect heart disease, cancer, neurodegeneration and other disorders through arginylation-dependent mechanisms.
The four inhibitors of ATE1 identified in the current screen belong to very diverse classes of molecules. One commonality observed among the identified molecules is the presence of acidic functional groups. However, these compounds appear structurally different, suggesting that they might have very different mechanisms of function. Tannic acid, a polyphenolic compound present in tea, coffee, and red wine, is a potent antioxidant which has been suggested in multiple studies to have significant benefits in prevention and treatment of severe health conditions, including cancer [23, 24] . Merbromin is an organomercuric compound with close similarity to fluorescein and eosin, which is sometimes used as a topical antiseptic [25] . Suramin (polysulfonated napthylurea) and reactive blue 2 (a protein binding dye with high affinity to nucleotide binding sites) are known antagonists of purinoceptors [26] . Of these four compounds, tannic acid, merbromin and suramin have IC50 values close to the concentration of ATE1 in the reaction, suggesting a possible 1:1 stoichiometry of interaction with the enzyme. Reactive blue 2, however, has a significantly higher IC50, suggesting its lower affinity for the enzyme or its preferential interaction with more than one molecule of ATE1 at the same time.
While tannic acid and merbromin could inhibit ATE1-mediated degradation of RGS4 in cells, suramin and reactive blue 2 showed a poor ability to do it in a dose-dependent manner. It is possible that in the case of reactive blue 2 such failure was due to its lower affinity for ATE1 and its sequestering by other known intracellular targets, such as purinoceptors [26, 27] . In the case of suramin, the reasons could be due to its interaction with serum albumin [28] -a regular component of culture media, introduced from the added serum. It has been shown that in the presence of serum albumin, suramin uptake by cells is reduced, and its residual amount tends to accumulate in the lysosomes [28] , greatly diminishing its ability to exert biological effects. If these two compounds are to be further considered as inhibitors of arginylation in relevant biological processes, further optimization to modulate their uptake by cells and targeting to the proper intracellular compartments is required. Optimization and/or possible chemical modifications may also be required for the biological use of merbromin -a mercurycontaining compound, barred in the USA for therapeutic use. Thus, out of the four identified compounds, tannic acid appears to be the most prominent -and the most potent -ATE1 inhibitor.
While both merbromin and tannic acid appear to have the same specificity with purified ATE1 and the same effects on ATE1-mediated degradation of RGS4, our cell-based assays show that these two compounds exert differential effects on cell motility, actin cytoskeleton, and angiogenesis. Interestingly, merbromin treatment dramatically reduces actin leading edge network without apparent effects on the lamella formation, while tannic acid virtually abolishes the lamella without affecting actin polymer level. Since lamella formation and actin polymer network are believed to be closely linked to each other, the use of these compounds to uncouple these two processes may provide important insights into the regulation of cell migration and the role of actin at the cell leading edge. The fact that these two compounds have different intracellular effects while acting on the same enzyme, could be explained by the existence of additional ATE1-independent non-overlapping targets for merbromin and tannic acid in vivo. However given the range of ATE1-specific effects that they can influence and their close correspondence to the in vivo roles of ATE1 itself, a more likely possibility appears to be that both compounds are specific for ATE1 but affect different regions of the ATE1 molecule and thus regulate different but overlapping ATE1-mediated functions. At present there is no sufficient data that could shed light on the sites and molecular interactions mediating the effects of these two compounds, but a future study solving ATE1 structure could provide insights into the role of these compounds in its regulation.
Ate1 knockout in mice heavily affects angiogenesis by inhibiting the formation of new branching vessels and affecting their directionality and overall organization [1] . Like many other developmental processes, angiogenesis depends on cell migration and can be inhibited by treatments that suppress cell motility (reviewed in [29] ). Interestingly, RGS4, 5, and 16, whose metabolic stability is regulated by ATE1, are known to inhibit VEGF induced angiogenesis [30, 31] . Moreover, a previous study demonstrates that tannic acid could inhibit tubule formation of bovine aorta endothelial cells induced by the cytokine CXCL12, but not by ECGS or bFGF [32] . Our study provides a new molecular link between these effects and suggests that both of them are regulated by ATE1 and respond to tannic acid-induced ATE1 inhibition.
In addition to its other effects, tannic acid has been previously shown to inhibit adipogenesis by affecting adipocyte differentiation-related genes [24] . A recent study showed that Ate1 knockout induced in mice after birth causes significant inhibition of white adipose tissue formation resulting from a high fat diet [5] . Thus, it is likely that tannic acid-mediated inhibition of adipogenesis is also happening through its inhibition of ATE1.
Arginylation is an emerging global regulator of developmental and physiological processes including glucose and fat metabolism, angiogenesis, and cardiovascular development, making ATE1 a potential key target of major therapeutic interventions. ATE1 high throughput assay and the inhibitors identified in this study will help in understanding the role of ATE1 in physiological and developmental processes and promote development of ATE1 regulators for future treatment of major developmental, physiological, and metabolic diseases.
